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Abstract
Objective: To identify the key risk factors and explain the spatiotemporal patterns of childhood 
asthma in the Memphis metropolitan area (MMA) over an 11-year period (2005–2015). We 
hypothesize that in the MMA region this burden is more prevalent among urban children living 
south, downtown, and north of Memphis than in other areas.
Methods: We used a large-scale longitudinal electronic health record database from an integrated 
healthcare system, Geographic information systems (GIS), and statistical and space-time models 
to study the spatiotemporal distributions of childhood asthma at census tract level.
Results: We found statistically significant spatiotemporal clusters of childhood asthma in the 
south, west, and north of Memphis city after adjusting for key covariates. The results further show 
a significant increase in temporal gradient in frequency of emergency department (ED) visits and 
inpatient hospitalizations from 2009 to 2013, and an upward trajectory from 4 per 1,000 children 
in 2005 to 16 per 1,000 children in 2015. The multivariate logistic regression identified age, race, 
insurance, admit source, encounter type, and frequency of visits as significant risk factors for 
childhood asthma (p < 0.05). We observed a greater asthma burden and healthcare utilization for 
African American (AA) patients living in a high-risk area than those living in a low-risk area in 
comparison to the white patients: AA vs. white [odds ratio (OR) = 3.03,95% confidence interval 
(CI):2.75–3.34]; and Hispanic vs. white (OR=1.62,95% CI:1.21–2.17).
Conclusions: These findings provide a strong basis for developing geographically tailored 
population health strategies at the neighborhood level for young children with chronic respiratory 
conditions.
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Introduction
Asthma is a common chronic childhood disease and a major burden in terms of hospital 
admission, care utilization, and medical care expenses [1]. The strongest riskfactors for 
developing asthma are a combination of genetic predisposition with environmental exposure 
to inhaled substances and particles that may provoke allergic reactions or irritate the airways 
[2]. Such exposures include indoor allergens (for example, house dust mites in bedding, 
carpets and stuffed furniture, pollution, and pet dander); outdoor allergens (such as pollens 
and molds); tobacco smoke; chemical irritants in the workplace; and air pollution [2,3].
Data from the 2011 National Health Interview Survey (NHIS) showed a considerable 
increase in asthma prevalence in the United States from about 20 million in 2001, to about 
26 million by 2011 [4]. According to 2011 NHIS data, 129.1 out of every 1,000 persons 
were diagnosed with asthma by a health professional [4]. The highest prevalence rate was 
observed in those aged 517 years (105.5 per 1,000 population) and the rate in those under 18 
years (94.9 per 1,000) was significantly greater than those over 18 (81.6 per 1,000) [4]. 
Race-specific asthma trends continue to show higher asthma prevalence among blacks, with 
the current asthma prevalence rate being 47% higher in blacks than in whites (118.0 vs. 80.4 
per 1,000 persons, respectively). Overall, asthma attacks occur more commonly among those 
with a family income less than 100% of the federal poverty threshold than persons with 
income between 250% and less than 450% of the 30 poverty threshold (55.1% vs. 47.9%) 
[4–7]. This is especially heightened among those living in the south and west of the United 
States, than those living in the Northeast [4–7].
Asthma exerts an economic burden seen in both the adult and pediatric population in the 
United States. From 2002 to 2007, the annual economic cost of asthma in the United States 
was $56 billion; of which $50.1 billion were direct healthcare costs while the remaining $5.9 
billion were indirect costs due to loss of productivity [10]. In 2008, employed adults aged 18 
years had at least one asthma attack in the past 12 months and reported 14.2 million missed 
work days [11]. Among the U.S. children, the asthma-specific missed school days were 10.5 
million in 2008 compared to only 3.6 million days in 1997 [10]. Childhood asthma has 
detrimental health and economic effects, and is a principal driver of emergency department 
(ED) visits, inpatient hospitalizations, and missed school days [1,2,6,7].
Among the 50 states, the burden of asthma in Tennessee (TN) remains high. In 2007, the 
state was nationally ranked 22nd highest in childhood asthma prevalence and 27th highest in 
lifetime childhood asthma prevalence [12]. Asthma prevalence in this state increased from 
8.6% in 2003 to 9.5% in 2007 [13]. It was also higher among males than females and higher 
among blacks than among whites [12,13]. Despite significant decreases in hospitalization 
rates among children in 2010, the rate for asthma was highest among children aged 1–4 
years (215.9 per 100,000). In fact, between 2001 and 2010, children aged 5–10 years had an 
overall 18% increase in ED visits with primary asthma; the rates for this age bracket 
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increased from 985.6 per 100,000 to 1,163.0 per 100,000. In TN, of all first-listed diagnosis 
ICD-9 codes for all inpatient hospital discharges with ED services in 2013, asthma 
accounted for 1.2% and the highest proportion of discharges, 7%, was observed among 
children aged 017 years [14]. Of note, in 2015, Memphis, TN was named as the Asthma 
Capital in the United States by the Asthma and Allergy Foundation [15]; this was a change 
in position from second place the previous year and from sixth place in 2009 [16]. Shelby 
County was among the top ten counties with the highest asthma ED and hospitalization rates 
between 2008 and 2012, with a hospitalization rate of 227 per 100,000 [17]. In 2013, the 
pediatric ED utilization rate in this county was 192.6 per 10,000, accounting for 31% of 
visits in TN; the overall ED utilization rate for the state stood at 102.1 per 10,000 [17]. 
Shelby County has one of the highest average per visit charges for inpatient hospitalizations 
for primary asthma, and the highest average per visit charges for outpatient or ED visits for 
children aged 1–17 years at $17,190 and $2,440, respectively [17].
The Memphis metropolitan area (MMA), where this study was conducted, is made up of 
eight counties, three in TN and five in Arkansas and Mississippi. Temporal data on asthma 
are still limited in this region [18,19]. There are knowledge gaps in the identification of 
spatiotemporal patterns in childhood asthma in the region, yet this knowledge is essential in 
facilitating the development of effective, geographically tailored population health 
interventions to reduce disease burden [22–38]. Some of the studies that attempted to bridge 
this gap include a smallsized study from Ontario, Canada, and the reported discrete spatial 
patterns of asthma were age and sex-specific [23]. Another study from Alameda County, 
California linked areas with lower socioeconomic status (SES) to elevated ED visits [20]. 
Similar studies are needed to better understand spatiotemporal patterns, to characterize the 
spatial/temporal distribution of childhood asthma, and to provide an in-depth analysis of 
spatial variations in health event risk. Robust spatiotemporal data from this study may aid in 
the systematic assessment of pediatric populations and reduction of asthma morbidity in the 
high-risk areas by mobilizing targeted programs such as the Changing High-Risk Asthma in 
Memphis through Partnership (CHAMP) program. We will fill these critical gaps through 
this study. In this study, we hypothesize that in the MMA region this burden is more 
prevalent among urban children living south, downtown, and north of Memphis than in other 
areas. We anticipate asthma trends in the MMA region will mirror the state-level and 
surrounding areas. Asthma prevalence will be higher among male children compared to 
females, higher in African American (AA) children compared to other ethnic/racial groups, 
and also will be more prevalent in the city of Memphis than other MMA regions.
Materials and methods
Study location and settings
The MMA region covers 312 census tracts situated in eight counties with an estimated 
population of 1,320,000, according to the U.S. 2010 Census Bureau (Figure 1). About 29% 
of this population is 18 years or younger. This region includes a large underserved 
population, a rapidly urbanizing low-income community emerging from the rural 
surroundings, inner-city, and immediate areas, which are characterized by low SES, poor 
housing conditions, high crime levels, high unemployment and poverty levels, and low 
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education levels according to Shelby County Community Health Assessment Report 2015 
and U.S. 2010 Census Bureau data.
Study design
A retrospective space-time study design, including a large-scale longitudinal electronic 
health records (EHR) database from an integrated healthcare system [Methodist Le Bonheur 
Healthcare (MLH)], GIS, and statistical and space-time models were used to study the 
spatiotemporal distributions and patterns of childhood asthma at census tract level in one of 
the largest metropolis in the southern United States over an 11-year period (2005–2015). 
Even if the MLH system started EHR database implementation in 2001, their registrations 
only went live in 2005. So, for this reason, we used hospital discharge records beginning 
from 2005. This study (15–04053-XM) was approved by the Institutional Review Boards at 
the University of Tennessee Health Science Center and MLH.
Data categories
Three categories of datasets were analyzed in this study.
ED visits and inpatient hospitalizations for asthma, 2005 through 2015
All asthma patients (≤18 years old at baseline, n = 28,793) residing in the MMA region were 
included in this study. Asthma patients were identified using code 493.xx (Asthma and 
subclassifications) as specified by the World Health Organization’s International 
Classification of Diseases Code, Ninth Revision, Clinical Modification (ICD-9-CM). 
Patients with primary and/or secondary (comorbid) asthma diagnosis codes documented in 
their medical records were included in the study. For this study, the medical records were 
available for the same patients and/or new patients over the course of the study period. The 
patient registry assigns two patient identifiers, which were used to link and harmonize 
individual medical records. A medical record number is assigned at the time of the initial 
encounter and the number remains the same for all ED visits and inpatient hospitalizations; 
and a financial identification number is assigned to each subsequent encounter to track 
overall utilization of the same patient.
Children population, U.S. Census Bureau
Demographic data for children who are 18 years or younger and living within the MMA 
region were downloaded from the 2010 U.S. Census Bureau. Additional demographic data 
for other years were obtained from the American Community Survey.
Geospatial data
Boundary outlines at census tract and county levels were obtained from the Geoplatform.gov 
website. City and place data were also compiled from the same website.
Measures
We linked all the geocoded asthma patient data (individuals were aggregated at census tract 
level) with adjusted rates at census tract level for all the counties in the MMA region. All 
patients coming from outside the MMA region were excluded from this study.
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(1) ED visits and hospitalization rates of children with an asthma diagnosis in the MMA 
region. Rates are derived using two denominators (total population of the sample and total 
population of children who are 18 years or younger for every 1,000 children). (2) High- and 
low-risk areas of childhood asthma in the MMA region identified using spatiotemporal 
models.
Variables
Race, ethnicity, age, sex, insurance, admit source, encounter type, length of stay (LOS), 
frequency of visits, diagnosis type, and unit cost. LOS is defined as the time in days between 
the patient’s admission and discharge dates.
Data analysis
Our data analysis plan involved three steps. The first step involved data processing and 
cleaning of ED and inpatient hospitalization data and other relevant datasets. The second 
step involved geocoding and mapping of ED and inpatient hospitalization data ArcGIS 
10.2.2 (ESRI Inc., Redlands, CA, USA). Each patient’s home address was geocoded and 
aggregated to one of 312 geographic census tracts. In the third step, we conducted statistical 
and spatial analyses of the data using SAS 9.4 (SAS Institute Inc., Cary, NC, USA) and 
ArcGIS 10.2.2. In this step, we generated descriptive statistics and conducted statistical tests 
using Chi-Square and t-tests. We also constructed spatiotemporal models using SaTScan 
(developed jointly by Kulldorff M., Boston, Massachusetts and Information Management 
Services, Inc., Silver Spring, MD, USA). Kulldorff’s retrospective space-time statistics, 
discrete Poisson model, was used to determine whether high or low rates of childhood 
asthma were randomly distributed in the MMA region over space and time [45–49]. Using 
high- and low-risk area data from the spatiotemporal models, bivariate and multivariate 
logistic regression models were developed to compare health outcomes. In the three steps 
described above, we implemented commonly applied standards and protocols for data 
processing and cleaning, geocoding, and mapping. Additional quality assurance and quality 
control measures were undertaken to ensure correct address matching and all the data were 
consistent, representative, and of high quality.
Results
Characteristics and demographics of study sample
In the MLH patient data registry, there were 28,793 unique cases of children with asthma 
(patients) and 76,354 total encounters (i.e. number of patient visits represented by this 
sample) who either visited the ED or were hospitalized during the study period. Table 1 
shows the demographic characteristics of asthma patients over the entire 11-year period. 
Among the unique asthma cases, about 79% were AA compared to only 16% whites. There 
were more males than females in the sample, 60.6% vs. 39.4%, respectively (Table 1). The 
overall mean age of patients enrolled was 4.6 years (Table 1). Demographics stratified by 
age groups show that 51% were less than five years, 27.5% five to eight years, 12.6% nine to 
eleven years, and 8.9% 12–18 years. A majority of the patients depended on TennCare 
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(63.9%) followed by commercial or private insurance (23.2%). Encounter types were mostly 
emergency visits (74.3%), followed by inpatient admissions (14.2%). Most of the admission 
sources were home/self-referrals (68.5%), followed by admission from the emergency room 
(22.6%). Over half of the patients had a primary diagnosis of asthma (56.8%), with 43.0% 
having a secondary diagnosis of asthma.
Additional analysis of the number of encounters per unique patient showed an overall mean 
of 2.6 times in this pediatric population. However, subgroup analyses revealed that on an 
average AA children had 2.9 encounters compared to only 1.8 by the whites. In Table 2, we 
present the overall characteristics of asthma patients by frequency of encounters. In total, 
about 52.1% of the study sample had only one patient visit to the hospital, 37.4% two to five 
hospital visits, and 10.5% had six or more hospital visits. Figure 2b shows that more 
frequent encounters were seen with children less than 5 years, while Table 2 shows the mean 
age for patients with one encounter was 5.2, with two to five encounters was 4.2, with six to 
ten encounters was 3.4, and with ten or more encounters was 3.2, respectively. Males 
utilized the hospital more frequently than females—59.3% of males and 40.7% of females 
had one encounter, 61.56% of males and 38.4% of females had two to five encounters, 
62.3% of males and 37.7% of females had six to ten encounters, and 64.7% of males and 
35.2% of females had ten or more encounters. TennCare was the most commonly used type 
of insurance for all visits, and was used with increasing frequency as the number of 
encounters increased, accounting for 57.23% of insurance type for patients with one 
encounter, to 68.6% for patients with two to five encounters, 79.2% for those with six to ten 
encounters, and 81.5% of those with ten or more encounters. The frequency of visits was 
similar for patients admitted from home/self-referral despite the increasing number of 
encounters (70.3% for one encounter, 66.7% for two to five encounters, 65.8% for six to ten 
encounters, and 64.8% for patients with ten or more encounters). Patients admitted from the 
emergency room increased from 19.9% for those with one encounter, to greater than 25% for 
those with two or more encounters. Interestingly, encounters referred for admission by 
physician referral/clinical transfers though few decreased dramatically from 5.1% for one 
encounter, to 2.7% for two to five encounters, 1.5% for six to ten encounters, and 0.7% for 
ten or more encounters. With increasing frequency of encounters, the primary diagnosis of 
asthma increased from 51.0% for one encounter to 61.3% for two to five encounters, 68.2% 
for six to ten encounters, and 71.7% for ten or more encounters. The trend reversed however 
for secondary diagnosis of asthma, 48.8% for one encounter, 38.5% for two to five 
encounters, 31.6% for six to ten encounters, and 28.3% for ten or more encounters.
The overall asthma ED and hospitalization rate for the MMA region was 75.9 per 1,000 
children [95% confidence interval (CI) 61.1–94.2]; stratified separately, ED rate stood at 
56.9 per 1,000 (CI: 56.2–57.6) while hospitalization rate was 10.8 per 1,000 (CI: 10.5–11.1). 
Raceadjusted rates for AAs were 113 per 1,000 children (CI: 95–134) (ED rates 102.1 and 
hospitalization rates 13.3), white 29 per 1,000 children (CI: 20–42) (ED rates 18.4 and 
hospitalization rates 6.1), and Hispanic 9 per 1,000 children (CI: 5–17) (ED rates 9.0 and 
hospitalization rates 3.3). Sex-specific rates for male and female were 95.2 per 1,000 and 
64.9 per 1,000, respectively (ED rates: 71.2 male, 48.9 female; hospitalization rates: 12.8 
male, 9 female). Age-specific rates for children less than five years were 157 per 1,000 (ED 
rates 115.1 and hospitalization rates 23.9), five to eight years 99 per 1,000 (ED rates 75.8 
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and hospitalization rates 13.0), nine to eleven years 64 per 1,000 (ED rates 50.9 and 
hospitalization rates 6.7), and 12–18 years 23 per 1,000 (ED rates 16.3 and hospitalization 
rates 2.5).
The mean and median LOSs were 1.1 ± 2.7 SD and 0.7 days, respectively. Prolonged 
hospitalization and severity were analyzed using a measure of LOS of 3 days or more. About 
4.5% (1,292/28,793) of study sample had a LOS of 3 or more days. Of these, 67% were AA 
and 25% were white. Of note, the frequency of AA children with prolonged LOS was 2.7 
times higher than their white counterparts. A further analysis of this subgroup shows that 
57.3% were males; and 60% were less than 5 years at the time of visit, 21.52% 5–8 years, 
12.22% 9–11 years, and 6.26% 12–18 years.
From 2005 to 2015, the total estimated cost for asthma-specific healthcare events and 
resource utilization for this study population was about $19 million. The direct cost for this 
population made up to two-thirds of the total cost. The direct cost was about $7 million for 
patients with one encounter, $5 million for patients with two to five encounters, $0.5 million 
for patients with six to ten encounters, and $90,000 for patients with ten or more encounters. 
Direct costs for these encounters made up to 61% of the total cost.
Comparison of areas with higher than expected rates of asthma ED and hospitalization 
identified using a spatiotemporal model
An analysis of hotspots identified using higher than expected rates of childhood asthma ED 
and hospitalization rates was conducted by spatially querying patients from low- and high-
risk areas. Bivariate and multivariate logistic regression models were used to compare the 
two groups and account for potential confounders (Tables 3 and 4). Our results show that on 
average patients living in a low-risk area tended to be much older than those in a high-risk 
area (5.0 vs. 4.3, p < 0.001) (Table 3). Patients in the high-risk areas are younger than those 
in the low-risk areas. The LOS was statistically higher in low-risk area compared to high-
risk area (mean 0.71 versus 0.67 days, p = 0.012) suggesting patients living in high-risk area 
had more ED visits than inpatient hospitalizations. The proportion of male patients was 
statistically higher than female patients in both low- and high-risk areas (p = 0.0047).
AA patients living in high- and low-risk areas accounted for the highest proportion of ED 
visits and inpatient hospitalizations. TennCare was the top most used public health insurance 
in both low- and high-risk areas; however, a higher proportion of TennCare use was more 
evident among the high-risk area group compared to the low-risk area group (78.3% vs. 
8.2%). In addition, patients living in the low-risk area were most likely to have private 
insurance in comparison to those living in high-risk area (32.2% vs. 11.5%).
For encounter type, patients from both low- and high-risk areas had the highest frequency of 
ED visits (72.6% and 78.4%, respectively), followed by inpatient encounters (15.2% and 
12.01%), observation (9.2% and 8.1%), outpatient (2.2% and 1.1%), and other (0.74% and 
0.34%). Patients from high-risk area had significantly lower odds of having inpatient or 
observation encounter type in comparison to those from the low-risk area. A further analysis 
of encounter type by race for low- and high-risk areas revealed that AA patients had the 
highest visits of all categories, emergency (91.1%), inpatient (85.1%), observation (89.6%), 
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outpatient (78.1%), and other (79.1%). Both areas have similar admit sources, mostly from 
home/selfreferral (67.7% for low-risk area and 70% for high-risk area). The frequency of 
primary diagnosis of asthma was also similar in both low- and high-risk areas (56.3% and 
57.9%), as well as for secondary diagnosis of asthma (43.5% and 41.9%, respectively).
The analysis for asthma-specific healthcare events and resource utilization for high-risk area 
had a direct estimated cost of about $4 million while the cost for low-risk area was about $5 
million. There was an indirect cost of 36% of the total cost for the two areas.
A stepwise multivariate logistic regression analysis to predict residence in high- vs. low-risk 
areas showed no effects from sex (p = 0.0626); however, the effect of race was persistent 
among the minority population compared to white population: AA vs. white (OR = 3.03, 
95% CI: 2.75–3.34); Hispanic vs. white (OR = 1.62, 95% CI: 1.21–2.17); and other vs. 
white (OR = 1.66, 95% CI: 1.43–1.93) (Table 4). Overall, the logistic regression model 
showed race, insurance [Medicaid (OR = 1.24, 95% CI: 1.10–1.38)], and admit source 
(emergency, home/self-referral) were significant risk factors for childhood asthma in this 
MMA region (p < 0.005).
Spatiotemporal patterns and hotspots of asthma utilization and hospitalization rates
Figures 2–5 show temporal trends and spatial patterns of asthma utilization and inpatient 
hospitalization in the MMA region. Temporal trends in asthma ED and hospitalization rates 
show an upward trajectory from 4 per 1,000 children in 2005 (ED 2.8 and hospitalization 
0.9) to 16 per 1,000 children in 2015 (ED 12.6 and hospitalization 1.7) (Figure 2). There was 
a significant temporal gradient in hospitalization visits from 2009 to 2013. The spatial and 
spatiotemporal clusters “hotspots” of childhood asthma derived using Local Moran’s I and 
Kulldorff’s retrospective space-time methods are presented in Figures 3b, 4b, and 5. Shelby 
County had the highest rates with ED visit rate 67.5 per 1,000 and hospitalization rate 10.0 
per 1,000 children followed by Crittenden County with ED visit rate 57.8 per 1,000 and 
hospitalization rate 14.2 per 1,000; and then Desoto County with ED visit rate 26.7 per 
1,000 and hospitalization rate 7.7 per 1,000. West Memphis situated in the Crittenden 
County had one of the highest asthma hospitalization rates. In the south and north of 
Memphis city, Shelby County, the rates were 106 per 1,000 children and 113 per 1,000 
children, respectively. In Figure 3a, “high” to “very high” asthma ED and hospitalization 
rates ranged from 13 to more than 17% and were situated south and north of Memphis city. 
Areas surrounding Moscow, Williston, West Memphis, Marion, Millington, and Tur-rell had 
a range from 9 to 13%. While “low” asthma ED and hospitalization rates of less than 9% 
were evident in most of the MMA region, especially in places like Senatobia, Hernando, 
Horn Lake, Germantown, Piperton, Lakeland, Gallaway, Gilt Edge, and Covington. A 
similar spatial pattern was evident in overall utilization rates as shown in Figure 4a with 
“very high” and “high” utilization rates noted in north and south of Memphis. Overall, 
spatial clusters of asthma ED and hospitalization were more pronounced after adjusting for 
pediatric population (Figures 3b and 4b) compared to unadjusted estimates (Figures 3a and 
4a).
Figure 5 shows spatiotemporal clusters and statistical results of childhood asthma with age 
and race as covariates over an 11-year period. Thirty percent of the census tracts in the 
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spatiotemporal model had annualized high rates of asthma ED and hospitalization of 1016.6 
per 100,000 children (relative risk 1.69, log likelihood 790.49, p < 0.0001) while 51 percent 
of them had annualized low rates of asthma ED and hospitalization of 431 per 100,000 
children (relative risk 0.58, log likelihood 491.79, p < 0.0001). The ED and hospitalization 
rates in the remaining 20 percent of the census tracts were found to be insignificant. The 
main areas of concern were identified in the south, west, portions of downtown, and north of 
Memphis city after adjusting for key covariates. Two statistically significant trajectories of 
asthma ED and hospitalization outcomes were identified during the spatiotemporal modeling 
process (Figure 2). The first one was observed between 2005 and 2009 in all the census 
tracts with low rates; and the second one was observed between 2010 and 2014 in all census 
tracts with high rates.
Discussion
There are four key findings from this study: first, evidence of distinctive spatiotemporal 
patterns of asthma ED visits and inpatient hospitalizations among children residing in the 
MMA region, and the disease burden is more heightened in the south, west, some portions of 
downtown, and north of Memphis city compared with other areas. Second, there is evidence 
of strong racial disparities and diversity in asthma hospitalization and utilization rates, 
specifically in asthma encounters, ED hospital visits and admission, and severity (defined by 
LOS data). Third, census tract-level predictive measures of childhood asthma independent of 
age and race offer new insights into spatiotemporal patterns. Fourth, age, race, frequency of 
visits, encounter type, insurance, and admit source were significant risk factors for 
childhood asthma in this study region. The findings in this study are consistent with previous 
studies [23–42].
There were statistically significant spatiotemporal patterns of asthma ED and hospitalization 
cases independent of race and age among children residing in the MMA region. Simply put, 
the spatiotemporal distribution of ED and hospitalization rates was non-homogenous in this 
region. Also, two statistically significant trajectories were present in the final spatiotemporal 
model; first one was between 2005 and 2009 in all census tracts with low rates and the 
second one was between 2010 and 2014 in all census tracts with high rates. These findings 
confirm that geography was a key explanatory variable in the distribution patterns of 
childhood asthma in the MMA region. Specifically, we observed a large asthma burden 
among children living in residential areas located in south, west, parts of downtown, and 
north of Memphis. Even though MMA in general is an underserved area with disparities 
related to multiple burdens of chronic disease conditions, the prevalence of chronic 
childhood asthma is much more concentrated particularly in the north and south of MMA, in 
part because of a high concentration of industrial facilities and on-road mobile emission 
sources.
The total estimated cost for asthma-specific healthcare events and resource utilization for the 
entire study population was slightly over $19 million; of which a bigger portion was spent 
on the areas burdened with asthma disease. An in-depth comparison between risk factors in 
areas with higher than expected childhood asthma rates and with those areas of lower than 
expected rates provided further evidence of asthma burden. Areas with higher than expected 
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asthma rates have been predominately populated by AA communities of low SES and low 
level of education. They experience an unhealthy living environment in terms of high crime 
rates, overcrowding and poor housing conditions, and other stressful environmental 
conditions. These include the existence of combustion-related air pollutants in ambient air 
from industrial sources, and emissions from heavy-duty diesel trucks, buses and other 
vehicles, and Superfund sites [44]. Given the fact that previous studies have shown there are 
significant geographic differences in the distribution patterns of asthma [20,25–29,32–39], 
we can use the new knowledge from this study together with current asthma-environmental 
exposure literature to further evaluate the identified high-risk asthma communities. This 
knowledge lays groundwork for future studies to study environmental exposure influences 
on asthma development.
Our findings of racial differences in asthma healthcare utilization follow state and 
nationwide trends, which was observed in several large studies [38–41]. Interestingly, the 
highest prevalence rates for whites and AAs in studies [4,9,11,40,41] were noted among the 
5–17 age group, but our data showed the highest healthcare utilization in children aged less 
than five years. There is a similar preponderance of AA patients with higher asthma ED 
visits and asthma hospitalizations, as well as more severe asthma cases as shown with 
increased LOS. This may be a function of evidence of poorly controlled asthma in AA 
children, which then translates into more frequent ED visits, need for hospital stay, and 
increased duration of stay. Alternatively, frequent ED visits in this population may serve as a 
marker of need for better education regarding asthma. This creates a need for more targeted 
asthma programs for this population.
The known risk factors for children include living in an urban area, race, and SES. Though 
we do not address all the known risk factors in this study, indoor and outdoor environmental 
triggers play a role in increasing asthma risk. Race has been shown to be a confounder for 
asthma risk among the inhabitants living in impoverished inner-city areas, who are 
disproportionately AAs [38–42]. Demographically, we found a high number of the AA 
children living in identified hotspots. Our study shows a diverse and persistent race effect in 
the adjusted rates. The possible explanations for diversity in asthma ED and hospitalization 
cases include living/school distance from major routes of transportation, industrial areas, 
and/or poor housing quality [31–39]. Hotspots in this study may be attributable to any of 
these risk factors. High-risk case patients were spatiotemporally clustered in close proximity 
to air-polluting/exposure sites. Potential exposures in the MMA region include Superfund 
sites, diesel-releasing sources on the busily traveled major roadways, indoor allergens, and 
other U.S. Environmental Protection Agency (EPA)-designated toxic locations [44]. Most of 
the exposure sites are situated in the south and north of Memphis where rates exceeded 106 
per 1,000 children. Socioeconomic disadvantages may also contribute to the observed spatial 
diversity—health disparities result in higher asthma prevalence [38–43].
There are a few limitations to this study that must be recognized because no spatiotemporal 
model is prefect. First, childhood asthma measures were derived from a single hospital 
system, so we may not have captured all the cases from other hospitals or healthcare 
facilities in the MMA region. However, the MLH system serves 42% of region’s health 
market share [45]. Second, there are concerns related to temporal misalignment, asthma 
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severity, and underestimation of asthma-specific healthcare costs. For example, a much 
detailed study among children with multiple encounters is needed (i.e. the high-risk asthma 
groups with at least 5 or more visits in a year). Third, large census tracts may hide the 
differences within areas; and a small numbers problem in the numerator and denominator 
may exist for a few observational units. In the future, as more accurate and complete asthma 
discharge data for the MMA region become readily available, these data will be used to 
refine our spatiotemporal models.
Conclusions and implications
The causes of childhood asthma-related morbidities and mortalities are numerous and 
include a broad array of factors from across multiple genetic and environmental domains. 
However, our findings show a significant temporal gradient in ED utilization and 
hospitalization visits from 2009 to 2013; and an upward trajectory from 4 per 1,000 children 
in 2005 to 16 per 1,000 children in 2015. The spatiotemporal distribution of ED and 
hospitalization rates is non-homogenous in the MMA region. Age, race, frequency of visits, 
encounter type, insurance, and admit source were significant risk factors for childhood 
asthma in this region. It is noteworthy that we observed higher odds exists for a patient 
living in a high-risk area than a patient living in low-risk area, especially for the minority 
population compared to white population. The census tract-level predictive measures of 
childhood asthma independent of age and race offer new insights into spatiotemporal 
patterns. These findings provide a strong basis for developing geographically tailored 
population health interventions and strategies at the neighborhood level for young children 
with chronic respiratory conditions.
Future directions
This study identified high- and low-risk areas for ED and hospitalizations for asthma in 
relation to geographical location. The knowledge obtained from this study allows for the 
deployment of available respiratory health services to areas of greatest need and for the 
development of educational interventions to target identified high-risk areas. Future research 
is needed to identify the environmental risk factors responsible for the elevated ED and 
hospitalizations for asthma in order to prevent and/or reduce exposures.
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Locations, study area, and settings in Memphis metropolitan area. The Methodist Le 
Bonheur Healthcare consists of eight major regions.
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Distribution of asthma by race and age, 2005–2015. (a) Race, (b) sex and age at the time of 
hospital visit, and (c) asthma temporal trends and clustering using SaTScan (bars) and 
moving average (line).
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Spatial patterns of asthma ED and hospitalization rates adjusted by total population of 
children (18 years or younger). (a) Spatial distribution of asthma-adjusted hospitalization 
rates by children population, and (b) spatial clusters “Hotspots” of childhood asthma using 
Local Moran’s I method.
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Spatial patterns of asthma utilization rates using frequency of patient visits. (a) Spatial 
distribution of asthma-adjusted utilization rates by children population, and (b) spatial 
clusters “hotspots” of childhood asthma using Local Moran’s I method.
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Spatiotemporal clusters “hotspots” of childhood of asthma ED and hospitalization rates 
between 2005 and 2015 using Kulldorff’s retrospective space-time discrete Poisson model.
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Table 1.
Baseline characteristics of the asthma patients included in the study sample from 2005 to 2015 (N = 28,793).
Variable n % or mean or median
Age, median (SD) 28,793 4.0(3.9)
Age, mean (SD) 28,793 4.6(3.9)
LOS, median 28,793 0.7
Sex, %
 Female 11,354 39.4%
 Male 17,436 60.6%
Race, %
 Black or AA 22,590 78.5%
 White 4,546 15.8%
 Hispanic 242 0.8%
 Other 1,415 4.9%
Ethnicity, %
 Hispanic 851 3.0%
 Non-Hispanic 23,037 80.0%
 Other 4,905 17.0%
Frequency of visits, %
 1 visit 15,010 52.1%
 2–5 visits 10,753 37.4%
 6–10 visits 2,118 7.4%
 10+ visits 912 3.2%
Insurance type
 Medicaid 2,601 9.0%
 TennCare 18,391 63.9%
 Commercial or private 6,678 23.2%
 Charity/self-pay 996 3.5%
 Other 127 0.4%
Encounter type
 Emergency 21,383 74.3%
 Inpatient 4,096 14.2%
 Observation 2,567 8.9%
 Outpatient 587 2.0%
 Other 160 0.6%
Admit source
 Home/self-referral 19,711 68.5%
 Emergency room 6,500 22.6%
 Physician referral/clinic 1,095 3.8%
 Transfers within the system 106 0.4%
 Transfers from other systems 140 0.5%
 Non-healthcare facility 56 0.2%
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Variable n % or mean or median
 Other 1,185 4.1%
Diagnosis type
 Primary asthma 16,341 56.8%
 Secondary asthma 12,387 43.0%
 Both primary and secondary asthma 65 0.2%
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Table 2.
Baseline characteristics of asthma patients based on their overall utilization.
Frequency of encounter 
= 1 (N = 15,010; 52.1%)
Frequency of 
encounters = 2–5 (N = 
10,753; 37.4%)
Frequency of encounters 
= 6–10 (N = 2,118; 7.4%)
Frequency of 
encounters = 10+ 
encounters (N = 912; 
3.2%)
Variable
 Age, median (SD) 15,010 4.0 (4.2) 10,753 3.0 (3.5) 2,118  3.0 (3.0) 912 2.0 (2.7)
 Age, mean (SD) 15,010 5.2 (4.2) 10,753 4.2 (3.6) 2,118  3.4 (3.0) 912 3.2 (2.7)
 LOS, median 15,010 0.7 10,753 0.7  0.7 0.8
Sex, %
 Female 6,105 40.7% 4,129 38.4% 799  37.7% 321 35.2%
 Male 8,904 59.3% 6,623 61.6% 1,319  62.3% 590 64.7%
Race, %
 Black or AA 10,885 72.5% 8,931 83.1% 1,922  90.8% 852 93.4%
 White 3,072 20.5% 1,325 12.3% 116  5.5% 33 3.6%
 Hispanic 175 1.2% 59 0.6% 8  0.4% 0 0.0%
 Other 878 5.9% 438 4.1% 72  3.4% 27 3.0%
Ethnicity, %
 Hispanic 480 3.2% 296 2.8% 53  2.5% 22 2.4%
 Non-Hispanic 11,118 74.1% 9,093 84.6% 1,954  92.3% 872 95.6%
 Other 3,412 22.7% 1,364 12.7% 111  5.2% 18 2.0%
Insurance type
 Medicaid 1,515 10.1% 895 8.3% 139  6.6% 52 5.7%
 TennCare 8,598 57.3% 7,373 68.6% 1,677  79.2% 743 81.5%
 Commercial or private 4,235 28.2% 2,113 19.7% 243  11.5% 87 9.5%
 Charity/self-pay 602 4.0% 319 3.0% 48  2.3% 27 3.0%
 Other 60 0.4% 53 0.5% 11  0.5% 3 0.3%
Encounter type
 Emergency 11,184 74.5% 8,024 74.6% 1,519  71.7% 656 71.9%
 Inpatient 1,961 13.1% 1,585 14.7% 371  17.5% 179 19.6%
 Observation 1,349 9.0% 947 8.8% 200  9.4% 71 7.8%
 Outpatient 372 2.5% 181 1.7% 28  1.3% 6 0.7%
 Other 144 1.0% 16 0.2% 0  0.0% 0 0.0%
Admit source
 Home/self-referral 10,551 70.3% 7,175 66.7% 1,394  65.8% 591 64.8%
 Emergency room 2,987 19.9% 2,691 25.0% 585  27.6% 237 26.0%
 Physician referral/clinic 764 5.1% 294 2.7% 31  1.5% 6 0.7%
 Transfers within the system 58 0.4% 39 0.4% 6  0.3% 3 0.3%
 Transfers from other 
systems 91 0.6% 44 0.4% 3  0.1% 2 0.2%
 Non-healthcare facility 33 0.2% 16 0.2% 4  0.2% 3 0.3%
 Other 526 3.5% 494 4.6% 95  4.5% 70 7.7%
Diagnosis type
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Frequency of encounter 
= 1 (N = 15,010; 52.1%)
Frequency of 
encounters = 2–5 (N = 
10,753; 37.4%)
Frequency of encounters 
= 6–10 (N = 2,118; 7.4%)
Frequency of 
encounters = 10+ 
encounters (N = 912; 
3.2%)
 Primary asthma 7,654 51.0% 6,589 61.3% 1,444  68.2% 654 71.7%
 Secondary asthma 7,322 48.8% 4,138 38.5% 669  31.6% 258 28.3%
 Both primary and 34 0.2% 26 0.2% 5  0.2% 0 0.0%
 secondary asthma
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Table 3.
Characteristics of asthma patients (2005–2015) based on spatiotemporal patterns of high-risk and low-risk 
areas in the MMA region.
Low (n = 11,175) High (n = 12,830)
Variable n % or mean or median n % or mean or median
Age, median (SD) 11175 4.0 (4.0) 12830 3.0 (3.7)
Age, mean (SD)* 11175 5.0 (4.0) 12830 4.3 (3.7)
LOS, median 11175 0.7 12830 0.7
Sex, %
 Female 4314 38.6 5205 40.6
 Male 6859 61.4 7625 59.4
Race, %
 Black or AA 8167 73.1 11556 90.1
 White 2201 19.7 681 5.3
 Hispanic 118 1.1 90 0.7
 Other 689 6.2 503 3.9
Ethnicity, %
 Hispanic 390 3.5 351 2.7
 Non-Hispanic 8848 79.2 10550 82.2
 Other 1937 17.3 1929 15.0
Frequency of visits, %
 1 visit 6175 55.3 6053 47.2
 2–5 visits 3985 35.7 5153 40.2
 6–10 visits 719 6.4 1131 8.8
 10+ visits 296 2.7 493 3.8
Insurance
 Medicaid 594 5.3 896 7.0
 TennCare 6504 58.2 10044 78.3
 Commercial or private 3599 32.2 1471 11.5
 Charity/self-pay 428 3.8 362 2.8
 Other 50 0.5 57 0.4
Encounter type
 Emergency 8111 72.6 10056 78.4
 Inpatient 1694 15.2 1541 12.0
 Observation 1032 9.2 1044 8.1
 Outpatient 255 2.3 146 1.1
 Other 83 0.7 43 0.3
Admit source
 Home/self-referral 7570 67.7 8975 70.0
 Emergency room 2504 22.4 2927 22.8
 Physician referral/clinic 555 5.0 256 2.0
 Transfers within the system 60 0.5 27 0.2
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Low (n = 11,175) High (n = 12,830)
Variable n % or mean or median n % or mean or median
 Transfers from other systems 58 0.5 34 0.3
 Non-healthcare facility 22 0.2 16 0.1
 Other 406 3.6 595 4.6
Diagnosis type
 Primary asthma 6294 56.3 7433 58.0
 Secondary asthma 4856 43.5 5369 41.9
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Table 4.
Multivariable evaluation of predictors of residence for high- vs. low-risk areas of asthma ED visits and 
hospitalizations in the MMA region over an 11-year study period, 2005–2015.
Variables aOR (95% CI)
Age (years)
 Less than 5 1.00
 5–8 0.94(0.88–0.99)*
 9–11 0.97 (0.88–1.06)
 12–18 0.82 (0.73–0.92)*
Race
 White 1.00
 Black or AA 3.03 (2.75–3.34)*
 Hispanic 1.62 (1.21–2.17)*
 Other 1.66 (1.43–1.93)*
Frequency of visits
 1 visit 1.00
 2–5 visits 1.11 (1.05–1.18)*
 6–10 visits 1.18 (1.07–1.31)*
 10+ visits 1.21 (1.04–1.41)*
Encounter type
 Outpatient 1.00
 Emergency 0.79 (0.57–1.09)
 Inpatient 0.67 (0.48–0.93)*
 Observation 0.71 (0.51–0.99)*
 Other 1.02 (0.65–1.60)
Admit source
 Transfers within the system 1.00
 Non-healthcare facilities 1.60 (0.68–3.74)
 Emergency room 2.08 (1.27–3.40)*
 Home/self-referral 2.03 (1.24–3.32)*
 Physician referral 1.02 (0.59–1.77)
 Transfers from other systems 1.34 (0.69–2.61)
 Other 2.39 (1.44–3.98)*
Health insurance
 TennCare Reference
 Charity/self-pay 0.63 (0.55–0.73)*
 Commercial or private 0.35 (0.33–0.38)
 Medicaid 1.24(1.10–1.38)*
 Other 0.79 (0.53–1.17)
Note. aOR = Adjusted odds ratio.
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*
Statistically significant at p < 0.05.
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